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Abstract

Phosphorus (P), an essential nutrient for crop and animal production, can accelerate freshwater eutrophication,
now one of the most ubiquitous forms of water quality impairment in the developed world. Repeated outbreaks of
harmful algal blooms (e.g., Cyanobacteria and Pfiesteria) have increased society’s awareness of eutrophication,
and the need for solutions. Agriculture is regarded as an important source of P in the environment. Specifically, the
concentration of specialized farming systems has led to a transfer of P from areas of grain production to animal
production. This has created regional surpluses in P inputs (mineral fertilizer and feed) over outputs (crop and
animal produce), built up soil P in excess of crop needs, and increased the loss of P from land to water. Recent
research has shown that this loss of P in both surface runoff and subsurface flow originates primarily from small
areas within watersheds during a few storms. These areas occur where high soil P, or P application in mineral
fertilizer or manure, coincide with high runoff or erosion potential. We argue that the overall goal of efforts to
reduce P loss to water should involve balancing P inputs and outputs at farm and watershed levels by optimizing
animal feed rations and land application of P as mineral fertilizer and manure. Also, conservation practices should

be targeted to relatively small but critical watershed areas for P export.

Introduction

Phosphorus (P), an essential nutrient for crop and an-
imal production, can accelerate freshwater eutrophica-
tion (Carpenter et al., 1998; Sharpley, 2000). Recently,
the US Environmental Protection Agency (1996) and
US Geological Survey (1999) identified eutrophica-
tion as the most ubiquitous water quality impairment
in the US. Eutrophication restricts water use for fish-
eries, recreation, and industry due to the increased
growth of undesirable algae and aquatic weeds and
oxygen shortages caused by their death and decom-
position. Also, an increasing number of surface waters
have experienced periodic and harmful algal blooms
(e.g., Cyanobacteria and Pfiesteria), which contrib-
ute to summer fish kills, unpalatability of drinking
water, formation of carcinogens during water chlorin-
ation and links to neurological impairment in humans
(Burkholder and Glasgow, 1997; Kotak et al., 1993).
Although concern over eutrophication is not new,
there has been a profound shift in our understand-

ing of, and focus on, sources of P in water bodies.
Since the late 1960s, the relative contributions of P
to water bodies from point and non-point sources has
changed dramatically. On one hand, great strides have
been made in the control of point source discharges
of P, such as the reduction of P in sewage treatment
plant effluent. These improvements have been due,
in part, to the ease in identifying point sources. On
the other hand, less attention has been directed to
controlling non-point sources of P, due mainly to the
difficulty in their identification and control (Sharpley
and Rekolainen, 1997). Thus, control of non-point
sources of P is a major hurdle to protecting fresh
surface waters from eutrophication (Sharpley and Tun-
ney, 2000; Sharpley et al., 1999a; Withers et al.,
2000).

While a variety of non-point sources, ranging from
suburban lawns to construction sites to golf courses,
contribute P to water bodies, agriculture, particularly
intensive livestock agriculture, is receiving more and
more attention (Lander et al., 1998; Sharpley, 2000).
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This may be attributed to the evolution of agricultural
systems from net sinks of P (i.e., deficits of P limit
crop production) to net sources of P (i.e., P inputs
in feed and mineral fertilizer can exceed outputs in
farm produce). Before World War II, for example,
farming communities tended to be self-sufficient in
that they produced enough feed locally to meet animal
requirements and could recycle the manure nutrients
effectively to meet crop needs. As a result, nutrients
were generally recycled in relatively localized areas.
After World War II, farming systems became more
specialized in the USA, with crop and livestock op-
erations in different regions of the country. Today, less
than a third of the grain is produced on farms where it
is grown (Lanyon, 2000). This has resulted in a major
one-way transfer of P from grain-producing areas to
animal-producing areas (Sharpley et al., 1998b; Sims,
1997).

As animals inefficiently utilize P in feed (only 30%
is retained), most of the P entering livestock opera-
tions ends up in manure, which is usually land applied
locally. Animal manure can be a valuable resource
for improving soil structure and increasing vegetat-
ive cover, thereby reducing surface runoff and erosion
potential. However, in many areas of concentrated
animal production, manures are normally applied at
rates designed to meet crop nitrogen (N) requirements
and to avoid groundwater quality problems created by
leaching of excess N. This often results in a build up
of soil test P above amounts sufficient for optimal crop
yields, which can increase the potential for P loss in
runoff as well as in leachate (Haygarth et al., 1998;
Heckrath et al., 1995; Sharpley et al., 1996).

The ultimate goal of agricultural and environ-
mental P management is to balance P inputs to the
farm with outputs in primary produce such that no
excess P is applied and soil P concentrations are
kept at an optimum level for agronomic perform-
ance and minimal environmental impact. However,
because of the potential for major changes in agricul-
tural management and negative economic impacts, it
is necessary to explore short-term or temporary fixes.
In the USA, this has led the Environmental Protec-
tion Agency (EPA) and the Department of Agricul-
ture (USDA) to devise a joint strategy for sustainable
nutrient management for animal feedings operations
(AFOs; USDA-USEPA, 1999). This strategy proposes
a variety of voluntary and regulatory approaches,
whereby all AFOs develop and implement compre-
hensive nutrient management plans by the year 2008.
An important part of this strategy outlines how ac-

ceptable application rates of P as mineral fertilizer or
manure will be determined.

In the USA, agencies charged with developing
these strategies (i.e., EPA and USDA) have challenged
the scientific community to provide technical leader-
ship in developing sound criteria that identifies the risk
of P loss from agricultural land to water (Sharpley et
al., 1999b). The aim of this paper is to present re-
search on P loss from land to water and show how this
information is being used to define and support P man-
agement strategies that maintain agricultural produc-
tion and protect water quality. We will discuss those
factors controlling P loss in the context of develop-
ing practical tools for agricultural and environmental
P management.

Assessing the Risk for Phosphorus Loss

Water quality concerns have forced many states in
the USA to consider developing recommendations
for land application of P and watershed management
based on the potential for P loss in agricultural run-
off (Sharpley et al., 1996; USDA-USEPA, 1999).
Currently, these recommendations center on the iden-
tification of a threshold soil test P level above which
the enrichment of P in surface runoff is considered
unacceptable (Table 1). Existing agronomic guidelines
may not be appropriate for water quality protection,
and agronomic soil testing data may need to be re-
interpreted to address environmental objectives (Sims
and Sharpley, 1998). Specifically, agronomic soil test
interpretations (i.e., low, medium, optimum, high) are
based on the expected response of a crop to P, and can-
not be directly translated to estimates of environmental
risk, such as runoff P enrichment potential.

Even when soil testing data are properly re-
interpreted for runoff enrichment potential, they
provide an incomplete assessment of the potential for
P loss from a site, as such data do not account for
processes controlling the transport of P in surface
runoff and subsurface flow (Kleinman et al., 2000).
For example, adjacent fields having similar soil test
P levels, but differing susceptibilities to surface run-
off and erosion due to contrasting topography and
management, may have substantially different P loss
potentials (Sharpley and Tunney, 2000).

Generally, most P exported from agricultural wa-
tersheds comes from only a small part of the landscape
during a few relatively large storms, where hydrolo-
gically active areas of a watershed contributing surface
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Table 1. Threshold soil test P values and P management recommendations (adapted from Lory and Scharf, 2000; Sharpley et

al., 1996)
State Environmental Soil test P Management recommendations for water quality protection
soil P threshold method
mg kg ™!

Arkansas 150 Mehlich-3 Ator > 150 Mg P kgfl.' apply no P, provide buffers next to
streams, overseed pastures with legumes to aid P removal,
and provide constant soil cover to minimize erosion.

Colorado 100 Olsen > 100 Mg P k(gf1 : hog producers with
>36,000 lbs capacity, no P applied unless runoff is minimal.

Delaware 50 Mehlich-1 >50Mg Pkg~!: apply no more P
until soil is significantly decreased.

Idaho 50 & 100 Olsen Sandy soils > 50 Mg P kg_1 :

Silt loam soils > 100 Mg P kgfl:
apply no more P until soil P is significantly decreased.

Kansas 100-200 Bray-1 Regions of the state coincide with high (eastern)
to low (western) runoff. Swine producers must eliminate manure
applications above the threshold.

Ohio 150 Bray-1 > 150 Mg P kg_1 : decrease erosion and/or
eliminate P additions.

Oklahoma 130 Mehlich-3 30 B 130 Mg P kgfl : half P rate on slopes > 8%.

130 B 200 Mg P kg_l : half P rate and adopt measures to
decrease surface runoff and erosion.
> 200 Mg P quf1 : P rate not to exceed crop removal.

Maine 40-100 Morgan Apply no P in sensitive (40 Mg P kg™ 1y and
non-sensitive watershed (100 Mg P kg_1 ).

Maryland 75 Mehlich-1 Use P index >75 Mg P quf1 : soils with
high index must reduce or eliminate P additions.

Michigan 75 Bray-1 75 B 150 Mg P kg_l : P application should equal
crop removal.
> 150 Mg P kg_1 : apply no P from any source.

Mississippi 70 Lancaster > 70 Mg P kg_1 :no P added

Texas 200 Texas A&kM > 200 Mg P quf1 : P addition not to exceed crop removal

Wisconsin 75 Bray-1 <75MgP kg_1 : rotate to P demanding crops and decrease P additions.

>75Mg P kg_1 : discontinue P additions.

runoff to streamflow are coincident with areas of high
soil P (Gburek and Sharpley, 1998; Pionke et al.,
1997). To be most effective, risk assessment must con-
sider ‘critical source-areas’; areas within a watershed
that are most vulnerable to P loss in surface runoff
(Gburek and Sharpley, 1998). Critical source areas
are dependent on the coincidence of transport (surface
runoff, erosion, and subsurface flow) and site manage-
ment factors (functions of soil, crop, and management)
(Table 2). Transport factors mobilize P sources, creat-
ing pathways of P loss from a field or watershed. Site
management factors are typically well defined and re-

flect land use patterns related to soil P status, mineral
fertilizer and manure P inputs, and tillage (Table 2).

Even in regions where subsurface flow pathways
dominate P transport, areas contributing P to drainage
waters appear to be localized to soils with high soil P
saturation and hydrological connectivity to the drain-
age network (Schoumans and Breeuwsma, 1997).
Therefore, soil P levels alone have little meaning vis
a vis P loss potential unless they are used in con-
junction with estimates of potential surface runoff and
subsurface flow.
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Table 2. Factors influencing P loss from agricultural watersheds and its impact on surface water quality

Factors Description
Transport
Erosion Total P loss strongly related to erosion.

Surface runoff
Subsurface flow

through the soil.

Soil texture
flow occurring.
Trrigation runoff

Water has to move off or through a soil for P to move.
In sandy, organic, or P-saturated soils, P can leach

Influences relative amounts of surface and subsurface

Improper irrigation management can induce surface

runoff and erosion of P.

Connectivity to stream

The closer the field to the stream, the greater the

chance of P reaching it

Channel effects

Eroded material and associated P can be deposited or

resuspended with a change in stream flow. Dissolved P can be sorbed or

desorbed by stream channel sediments and bank material.

Proximity of P-sensitive water

Some watersheds are closer to P-sensitive waters

than others (i.e., point of impact).

Sensitivity P input

Shallow lakes with large surface area tend to be more

vulnerable to eutrophication.

Site management

Soil P As soil P increases, P loss in surface runoff and

subsurface flow increases.

Applied P

Application method

The more P (mineral fertilizer or manure), the greater
the risk of P loss.

P loss increases in the order: subsurface injection; plowed

under; and surface broadcast with no incorporation.

Application timing

The sooner it rains after P is applied, the

greater the risk for P loss

Development of the phosphorus index

To overcome the limitations of using a soil P threshold
as the sole measure of site P loss potential, the US
Natural Resource Conservation Service (NRCS), in
cooperation with research scientists, developed a site
assessment tool for P loss potential (i.e., the P index,
Table 3). The P index was designed as a screening tool
for use by field staff, watershed planners, and farmers
to rank the vulnerability of sites to P loss in surface
runoff (Lemunyon and Gilbert, 1993).

Calculating site vulnerability to phosphorus loss

The P index accounts for and ranks transport and site
management factors controlling P loss in surface run-
off and sites where the risk of P movement is expected
to be higher than that of others (Tables 3 and 4). Site
vulnerability to P loss in surface runoff is assessed

by selecting rating values for a variety of transport
(Table 3) and site management factors (Table 4).

To calculate transport potential for each site,
erosion, surface runoff, leaching potential, and con-
nectivity values were first summed (Table 3). Dividing
this summed value by 23, the value corresponding to
‘high’ transport potential (erosion is 7, surface run-
off is 8, leaching potential is 0, and connectivity is
8), a relative transport potential was determined. This
normalization process assumes that when a site’s full
transport potential is realized, 100% transport poten-
tial is realized. Thus, transport factors <1 represent a
fraction of the maximum potential (Table 3).

Calculation of site management factors of the P
index are based on the Mehlich-3 P concentration of
surface soil samples collected at each site and P ap-
plication as mineral fertilizer or manure as determined
from annual farmer surveys (Table 4). The correction
factor of 0.2 for soil test P is based on field data which
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Table 3. Phosphorus loss potential due to transport characteristics in the P index

Characteristics

Relative Ranking

Field Value

Soil Erosion

Soil loss (Tonnes/ha/year)

Soil Runoff Class Very Low Low Medium High Very High
0 1 2 4 8

Subsurface Drainage Very Low Low Medium High Very High
0 1 2 4 8

Leaching Potential Low Medium High

0 2 4

Connectivity Not connected” Partially connected? Connected$§
0 1 2 4 8

Total Site Value (sum of erosion, surface runoff, leaching, and connectivity values):

Transport Potential for the Site (total value / 23) :

TField is far away from water body. Surface runoff from field does not enter water body.
Field is near but not next to water body. Surface runoff sometimes enters water body, e.g., during large intense

storms.

§Field is next to a body of water. Surface runoff from field always enters water body.

JThe total site value is divided by a high value (23).

showed a 5-fold greater concentration of dissolved P
in surface runoff with an increase in mineral fertilizer
or manure addition compared to an equivalent increase
in Mehlich-3 P (Sharpley and Tunney, 2000).

A P index value, representing cumulative site
vulnerability to P loss, is obtained by multiply-
ing summed transport and site management factors
(Table 5). The P index values are normalized so that
the break between high and very high categories is
100. This is done by calculating a site P index value,
assuming all transport and source factors are high.
Erosion is set at 7 tonnes ha~! considered a high value
for Pennsylvania and soil test P is set at 200 mg kg ™!
Mehlich-3 P, which is proposed as a non-site spe-
cific threshold for Pennsylvania (Beegle, 2000). The
break between medium and high and low and me-
dium is calculated using the same method and soil
test P concentrations of 50 and 30 mg Mehlich-3 P
kg~!, respectively. These Mehlich-3 P levels corres-
pond to crop response and fertilizer recommendations
for Pennsylvania, with 50 mg kg~! sufficient for pro-
duction and no response to added P and 30 mg kg~!
the low value (Beegle, 2000).

Management interpretations of the phosphorus index

Since its inception, two major changes have been in-
troduced to the P index. First, source and transport
factors were related in a multiplicative rather than ad-
ditive fashion, in order to better represent actual site
vulnerability to P loss. For example, if surface run-
off does not occur at a particular site, its vulnerability

should be low regardless of the soil P content. In the
original P index, a site could be ranked as very highly
vulnerable based on site management factors alone,
even though no surface runoff or erosion occurred. On
the other hand, a site with a high potential for surface
runoff, erosion or subsurface flow but with low soil P
is not at risk for P loss, unless P as mineral fertilizer
or manure is applied. Second, an additional transport
factor reflecting distance from the stream was incor-
porated into the P index. The contributing distance
categories in the revised P index are based on hydrolo-
gical analysis. This analysis considers the probability
(or risk) of occurrence of a rainfall event of a given
magnitude which will result in surface runoff to the
stream (Gburek et al., 2000).

In addition to its function as a practical screen-
ing tool, the P index can also be used to identify
agricultural areas or management practices that have
the greatest potential to accelerate eutrophication. As
such, the P index will identify alternative management
options available to land users, providing flexibility
in developing remedial strategies. Some general re-
commendations are given in Table 6. In considering
these recommendations, one should keep in mind that
P management is very site-specific and requires a
well-planned, coordinated effort between farmers, ex-
tension agronomists, and soil conservation specialists.

In its current form, the P index is not a quantitative
predictor of P loss in surface runoff or subsurface flow
from a watershed. Rather it is a qualitative assessment
tool to rank site vulnerability to P loss. Ultimately, the
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Table 5. Worksheet and generalized interpretation of the P index

P Index Generalized interpretation of the P index
Low LOW potential for P loss. If current farming practices are maintained, there is
<30 a low probability of adverse impacts on surface waters.

Medium  MEDIUM potential for P loss. The chance for adverse impacts on surface

30-70 waters exists, and some remediation should be taken to minimize the probability of P loss.
High HIGH potential for P loss and adverse impacts on surface waters. Soil and water
70-100 conservation measures and a P management plan are needed to minimize the probability of P loss.

Very high ~ VERY HIGH potential for P loss and adverse impacts on surface waters. All
> 100 necessary soil and water conservation measures and a P management plan must be

implemented to minimize the P loss.

P index rating for a site = Transport potential value x Site management value/45 . 145 is the value to normalize
the break between high and very high to 100. The following is used:
Transport value (23/23; i.e., 1.0)
Erosion is 7 tonnes/ha per year, 7
Surface runoff class is very high, 8
Field is connected, 8
Site management (145)
Soil test P is 200, 40
Fertilizer P application is 30 kg P/ha, 30
Manure P application is 75 kg P/ha, 75

Organic Fertilizer
sources & fee Surface transport of P

Erosion of
particulate

PN

Release of

Leaching ‘ soil P
Preferential flow
# via macropores
Percolation _Tile_flow———>

Retention,
cycling,
& release

Ground water Stream bank and bed

erosion / deposition
Subsurface transport of P . )
. Increased size sorting

and P reactivity

Figure 1. Transport and site management factors influencing the potential for P loss from agricultural land to surface waters.
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Table 6. Management options to minimize nonpoint source pollution of surface waters by soil P

Phosphorus index

Management options to minimize nonpoint source pollution of surface waters by soil P

(LOW) < 30

(MEDIUM) 30-70

(HIGH) 70-100

Soil testing: have soils tested for P at least every 3 years to monitor build-up or decline in soil P.
Soil conservation: follow good soil conservation practices. Consider effects of changes in
tillage practices or land use on potential for increased transport of P from site.

Nutrient management: consider effects of any major changes in agricultural practices on P
losses before implementing them on the farm. Examples include increasing the number of
animal units on a farm or changing to crops with a high demand for fertilizer P.

Soil testing: have soils tested for P at least every 3 years to monitor build-up or decline in

soil P. Conduct a more comprehensive soil testing program in areas that have been identified
by the P Index as being most sensitive to P loss by surface runoff, subsurface flow, and erosion.
Soil conservation: implement practices to reduce P losses by surface runoff, subsurface flow,
and erosion in the most sensitive fields (i.e., reduced tillage, field borders, grassed waterways,
and improved irrigation and drainage management).

Nutrient management: any changes in agricultural practices may affect P loss; carefully
consider the sensitivity of fields to P loss before implementing any activity that will increase
soil P. Avoid broadcast applications of P fertilizers and apply manures only to fields

with lower P Index values.

Soil testing: a comprehensive soil testing program should be conducted on the entire farm

to determine fields that are most suitable for further additions of P.

Soil conservation: implement practices to reduce P losses by surface runoff,

subsurface flow, and erosion in the most sensitive fields (i.e., reduced

tillage, field borders, grassed waterways, and improved irrigation and drainage management).

Consider using crops with high P removal capacities in fields with high P Index values.

Nutrient management: in most situations fertilizer P, other than a small amount used in

starter fertilizers, will not be needed. Manure may be in excess on the farm and should only

be applied to fields with lower P Index values. A long-term P management plan should be considered.

(VERY HIGH) > 100

Soil testing: a comprehensive soil testing program must be conducted on the

entire farm to determine fields that are most suitable for further additions of P.

Soil conservation: implement practices to reduce P losses by surface runoff, subsurface

flow, and erosion in the most sensitive fields (i.e., reduced tillage, field borders, grassed

waterways, and improved irrigation and drainage management). Consider using crops with

high P removal capacities in fields with high P Index values.

Nutrient management: fertilizer and manure P should not be applied for at least

3 years and perhaps longer. A comprehensive, long-term P management plan

must be developed and implemented.

P index is an educational tool that brings interaction
between the planner and farmer in assessing environ-
mental management decisions required to improve the
farming system on a watershed rather than political
basis.

Transport factors

Transport factors are critical to site assessment as they
translate potential P sources into actual loss from a
field or watershed. Factors controlling the transport

of P within agricultural watersheds are conceptual-
ized in Fig. 1. The main controlling factors and those
considered in the P index are erosion, surface run-
off, subsurface flow, and distance or connectivity of
the site to the stream channel. The justification for
inclusion of each of these factors is given below.

Erosion

Erosion is a mechanism of P transport that preferen-
tially removes finer-sized soil particles (Haygarth and
Sharpley, 2000). As a result, the P content and react-
ivity of eroded material is usually greater than source
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Figure 2. Total P loss and percentage of total P in dissolved and
particulate forms a function of erosion in surface runoff from water-
sheds at E1 Reno, OK (adapted from Sharply et al., 1991; Smith et
al., 1991).

soil. For example, Sharpley (1985b) found that under
simulated rainfall, the enrichment of soil test P (Bray-
1 P) and total P content of sediment in surface runoff
from several soils compared to the whole soil, ranged
from 1.2 to 6.0 and 1.2 to 2.5, respectively. These
P enrichment ratios increased as erosion decreased,
favoring the relative movement of fine-particles (<2
um) with greater P content over coarse particles (> 5
um) with lower P content.

The effect of erosion on P movement is illustrated
by a 15-year study of runoff from several grassed and
cropped watersheds in the Southern Plains (Fig. 2;
Sharpley et al., 1991; Smith et al., 1991). Increasing
erosion from native grass, no-till and conventional-till
wheat (Triticum aestivum L.) resulted in an increase in
total P loss, of which a greater proportion was trans-
ported as particulate P. Accompanying the increase in
particulate P movement, was a relative decrease in
dissolved P movement (Fig. 2).

Surface Runoff

The potential for P loss in surface runoff from a given
site can be extremely high. The transport of dissolved
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L Surface runoff

wn

Sandy loam
Silt loam
Loam

Clay loam

i
3

Dissolved P in surface runoff (mg/1)

600
Mehlich-3 soil P {mg/kg)

Figure 3. Relationship between the concentration of dissolved P
in surface runoff and Mehlich-3 extractable soil P concentration of
surface soil (0-5 cm) from the FD-36 watershed, Northumberland
Co., PA (adapted form McDowell and Sharply, 2001).

25
Subsurface drainage
2| = Sandy loam N
© Silt loam
r " Loam
15 | # Clay loam

Dissolved P in subsurface drainage (mg/l)

Mehlich-3 soil P (mg/kg)

Figure 4. Relationship between the concentration of dissolved P
in subsurface drainage from 30-cm deep lysimeters and the Meh-
lich-3 extractable soil P concentration of surface soil (0-5 cm)
from the FD-36 watershed, Northumberland Cp., PA (adapted from
McDowell and Sharply, 2001).

P in runoff is initiated by the release of P from soil,
plant material, and suspended sediments (Fig. 1). This
process occurs when rainfall interacts with a thin layer
of surface soil (1-5 cm) before leaving the field as
surface runoff (Sharpley, 1985a). The proportion of
rainfall and depth of soil involved are highly dynamic
due to variations in rainfall intensity, soil tilth, and
vegetative cover, making them difficult to quantify in
the field.

Subsurface Flow

Generally the P concentration in water percolating
through the soil profile by leaching is small due to
sorption of P by P-deficient subsoils. Exceptions occur
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in organic soils, where the adsorption affinity and ca-
pacity for P sorption are low due to the predominance
of negatively charged surfaces (Duxbury and Peverly,
1978; Miller, 1979; White and Thomas, 1981). Other
soils that are susceptible to movement include sandy
soils with low P sorption capacities, waterlogged soils
where Fe(IIl) has been reduced to Fe(Il), and well
structured soils prone to preferential flow through
macropores and earthworm burrows (Bengston et al.,
1992; Sharpley and Syers, 1979; Sims et al., 1998).

Because of the variable paths and time of water
flow through a soil with subsurface drainage, factors
controlling P loss in subsurface flow are more com-
plex than for surface runoff. Subsurface flow includes
artificial and natural drainage, where artificial drain-
age includes percolating water intercepted by installed
drainage systems, such as mole and tile drains (Fig. 1).
In general, the greater contact time between subsoil
and natural subsurface flow than artificial drainage,
results in lower losses of dissolved P in natural sub-
surface flow (Sharpley and Rekolainen, 1997; Sims et
al., 1998).

Distance or connectivity to the stream channel

In order to translate the potential for P transport in
surface runoff and subsurface flow from a given site to
the potential for P loss in stream flow, it is necessary
to account for whether water leaving a site actually
reaches the stream channel. For instance surface runoff
and subsurface flow may occur at various locations in
a watershed and not reach the stream channel (Gburek
et al., 2000). Thus, the location of a field in relation
to the stream channel may determine whether runoff
from the field reaches the channel and actually leaves
the watershed. For a simple assessment of this factor,
a site can be categorized as either not connected to the
stream channel or connected to the channel by direct
runoff, drainage ditch, or similar topographic feature.

Site Management Factors

A number of site management factors control P loss
from agricultural lands. These include soil test P con-
centration, as well as rate, type (mineral fertilizer or
manure), and method of P application (Fig. 1). These
factors reflect day-to-day farm operations, while the
transport factors discussed earlier tend to represent
inherent soil, topographic and climatic properties.

Soil phosphorus

The loss of dissolved P in surface runoff is highly
dependent on the P content of surface soil, as il-
lustrated in Fig. 3. These data were obtained from
several locations within a 40 ha watershed (FD-36)
in south-central Pennsylvania (Northumberland Co.)
using a portable rainfall simulator (Miller, 1987), fol-
lowing a protocol developed for the National P Project
(Sharpley et al., 1999b). Briefly, either field plots (1-
m wide and 2-m long) or packed boxes of soil (15-cm
wide and 1-m long) were subjected to a rainfall intens-
ity of 7 cm/h to produce 30-min of surface runoff, and
a P concentration was determined for the entire 30-min
event. This intensity for 30 min has an approximate 5-
year return frequency in south-central Pennsylvania.
To assess the role of soil test P on surface runoff
P concentrations, field soils were selected to give a
wide range in Mehlich-3 P concentrations (from 15 to
500 mg/kg).

A change point in the relationship between soil
and surface runoff P, representing the interception of
significantly different regression slopes (P< 0.05), is
clearly visible at Mehlich-3 P values of 220 mg/kg
(sandy loam soil) and 175 mg/kg (silt loam, loam and
clay loam soils) (Fig. 3). Notably, for each of the
soils, the potential for soil P release above this change
point is greater than below it (McDowell and Sharpley,
2001; McDowell et al., 2001).

In a review of earlier studies, Sharpley et al. (1996)
found that the specific regression equations between
soil P and surface runoff P vary with soil type and
management. For instance, regression slopes were
flatter for grass (4.1-7.0, mean 6.0) than for cultiv-
ated land (8.3—12.5, mean 10.5). However, regression
slopes were too variable to allow the use of a single or
average relationship between soil test P and runoff P
for all soils under the same management, probably due
to inherent variability between soils. This variability is
supported by the findings of Pote et al. (1999), who re-
ported significantly different regression equations for
three Ultisols of differing texture (p < 0.05). Also, the
variation in the relationships presented in Fig. 3, as
well as the corresponding change points, illustrates the
soil specific nature of soil P release to surface runoff.
Factors which influence P release among soils, include
the dominant forms of P in soil, texture, aggregate
diffusion, degree of interaction between soil and wa-
ter, organic matter content, vegetative soil cover, and
sorption capacities (Sharpley, 1983, 1999).



The concentration of P in subsurface flow is also
related to surface soil P. In an experiment examining
leachate from 30-cm deep lysimeters taken from the
FD-36 watershed and subjected to simulated rainfall
as described above for the National P Project, Mc-
Dowell and Sharpley (2001) found the concentration
of dissolved P in subsurface flow from the lysimeter
increased (0.07-2.02 mg/l) as the Mehlich-3 P con-
centration of surface soil increased (15 to 775 mg/kg;
Fig. 4). These data manifest a change point that was
similar to the change point identified for surface run-
off. They concluded that the dependence of subsurface
P transport on surface soil P is evidence of the im-
portance of P in preferential flow pathways such as
earthworm burrows and old root channels.

Other studies have found a similar relationship
between surface soil P and P loss in subsurface flow.
For example, Heckrath et al. (1995) found that soil
test P (Olsen P) >60 mg/kg in the plow layer of
a silt loam, caused the dissolved P concentration in
tile drainage water to increase dramatically (0.15-
2.75 mg/l). They postulated that this level, which is
well above that needed by major crops for optimum
yield (about 20 mg/kg; Ministry of Agriculture, Food
and Fisheries, 1994), is a critical point above which
the potential for P movement in land drains greatly
increases. Similar studies suggest that soil P thresholds
can vary threefold as a function of site hydrology, rel-
ative drainage volumes, and soil P release (desorption)
characteristics (McDowell et al., 2001; Sharpley and
Syers, 1979).

Application of phosphorus as mineral fertilizer or
manure

The application of mineral fertilizer and manure to soil
may dramatically increase P loss in surface runoff and
subsurface flow. For example, 14 days after applying
either 0, 50, or 100 kg P/ha in dairy manure to a
Berks silt loam (Typic Dystrochrept) with a Mehlich-
3 P content of 75 mg/kg, we applied artificial rainfall
following the National P Project protocol (Sharpley et
al., 1999b) and observed dissolved P concentrations
in surface runoff (7 cm/h rainfall for 30 min) of 0.25,
1.35, and 2.42 mg/1, respectively (Fig. 5).

Table 7 summarizes findings from a variety of
studies examining the effect of mineral fertilizer and
manure management on runoff P concentration. From
this and earlier reviews (Sharpley and Rekolainen,
1997), it is clear that the loss of P is influenced by
the rate, time, and method of application; form of P
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of P in surface runoff from a grassed Berks silt loam.

added, amount and time of rainfall after application;
and vegetative cover. In addition, the portion of ap-
plied P transported in runoff appears to be greater from
conventional- than conservation-tilled watersheds. In
one instance, McDowell and McGregor (1984) found
mineral fertilizer P application to no-till corn actually
reduced P transport, probably due to increased veget-
ative cover afforded by fertilization. Similarly, others
found manure applications can reduce P loss in runoff
via improved soil structure, aeration and water holding
capacity afforded by added organic matter, as well as
reducing erosion via increased vegetative over (Pote et
al., 1996; Sharpley et al., 1998c).

Table 7 also illustrates that the loss of applied P in
subsurface artificial drainage is appreciably lower than
in surface runoff. Although it is difficult to distinguish
between losses of mineral fertilizer, manure, or native
soil P, without the use of expensive and hazardous ra-
dioactive tracers, total losses of applied P in runoff are
generally less than 10% of that applied, unless rainfall
immediately follows application or where surface run-
off has occurred on steeply sloping, poorly drained,
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Table 7. Effect of mineral fertilizer and manure application on P loss in surface runoff and fertilizer application on P loss in tile drainage

Land use P added Phosphorus loss (kg ha~! year_l ) Percent Reference and location
(kg ha—1 yrfl) Dissolved Total applied ¢
Surface runoff
Mineral Fertilizer
Grass 0 0.02 0.22 McColl et al., 1977,
75 0.04 0.33 0.1 New Zealand
No-till corn 0 0.70 2.00 McDowell and McGregor, 1984;
30 0.80 1.80 Mississippi
Conventional corn 0 0.10 13.89
30 0.20 17.70 12.7
Wheat 0 0.20 1.60 Nicolaichuk and Read, 1978;
54 1.20 4.10 4.6 Saskatchewan, Canada
Grass 0 0.50 1.17 Sharpley and Syers, 1976;
50 2.80 5.54 8.7 New Zealand
Grass 0 0.17 0.23 Uhlen, 1988;
24 0.25 0.31 1.2 Norway
48 0.42 0.49 1.0
Dairy Manure b
Alfalfa 0 0.10 0.10 Young and Mutchler, 1976;
-spring 21 1.90 3.70 17.1 Minnesota
-autumn 55 4.80 7.40 13.3
Corn 0 0.20 0.10
-spring 21 0.20 0.60 2.4
-autumn 55 1.00 1.60 4.7
Poultry Manure
Grass 0 0.00 0.10 Edwards and Daniel, 1992;
76 1.10 2.10 2.6 Arkansas
Grass 0 0.10 0.40 Westerman et al., 1983;
95 1.40 12.4 12.6 North Carolina
Swine Manure
Fescue 0 0.10 0.10 Edwards and Daniel, 1993a;
19 1.50 1.50 7.4 Arkansas
38 4.80 3.30 8.4
Aritifical Drainage
Corn 0 0.13 0.42 Culley et al., 1983;
30 0.20 0.62 0.7 Ontario, Canada
Oats 0 0.10 0.29
30 0.20 0.50 0.7
Potatoes + Wheat + Barley Catt et al., 1997;
Minimal till 102 0.26 8.97 8.8 Woburn, England
Conventional till 102 0.35 14.38 14.1
Alfalfa 0 0.12 0.32
30 0.20 0.51 0.6
Grass - 0-30 cm 32 0.12 0.38 1.1 Heathwaite et al., 1997,
-30-80 cm 32 0.76 1.77 5.5 Devon, UK
Grass 0 0.08 0.17 Sharpley and Syers, 1979;
50 0.44 0.81 1.3 New Zealand

@Percent P applied lost in runoff.

Manure applied in either spring or autumn.
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Figure 7. Distribution of Mehlich-3 soil P (05 cm soil depth) and concentration of dissolved P in surface runoff from 2-m? plots within the

FD-36 watershed, Northumberland Co., PA.

and/or frozen soils. The high proportion of manurial
P in runoff reported by the studies summarized in
Table 7 may result from high manure application and
generally less flexibility in application timing than for
mineral fertilizer. Such inflexibility in scheduling of
manure application results from the continuous pro-
duction of manure throughout the year and a frequent
lack of manure storage facilities.

Although we have shown soil P is important in
determining P loss in surface runoff, applying P to
soil can override soil P in determining P loss. For
example, in our simulated rainfall study in the FD-
36 watershed, the dissolved P concentration of surface
runoff increased with Mehlich-3 P concentration in the
upper 5 cm of soil (Fig. 5). When dairy manure was

broadcast on these grassed soils, the dissolved P con-
centration of surface runoff 14 days later, was greater
than with no manure (Fig. 5). Furthermore, the applic-
ation of increasing quantities of manure P to these soils
masked the effect of soil P concentration on surface
runoff P.

Phosphorus application method and timing relat-
ive to rainfall also influences the concentration of
P removed in runoff. For example, several studies
have shown a decrease in P loss with an increase in
the length of time between P application and surface
runoff (Edwards and Daniel, 1993b; Sharpley, 1997,
Westerman et al., 1983). This decrease can be attrib-
uted to the reaction of added P with soil and dilution of
applied P by infiltrating water from rainfall that did not
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cause surface runoff. For instance, in our rainfall sim-
ulation studies in the FD-36 watershed, the dissolved
P concentration of surface runoff from the Berks silt
loam decreased from 2.75 to 0.40 mg/l when rainfall
occurred 35 days rather than 2 days after a surface
broadcast application of 100 kg P/ha as dairy manure
(Fig. 6).

Although the concentration of P at the soil surface
serves as the primary source of P to runoff, incorpor-
ation of manure into the soil profile either by tillage
or subsurface placement, decreases the potential for P
loss in surface runoff (Fig. 6). For example, the dis-
solved P concentration of surface runoff from a Berks
silt loam 2 days after the surface application of 100
kg P/ha dairy manure was 2.75 mg/l. When the same
amount of manure was incorporated by plowing to a
depth of 10 cm, dissolved P in surface runoff was
1.70 mg/l, and when the manure was placed 5 cm
below the soil surface, dissolved P in surface runoff
fell to 0.15 mg/1 (Fig. 6).

In an earlier field study, Mueller et al. (1984) found
that incorporation of dairy manure by chisel plowing
reduced total P loss in runoff from corn 20-fold com-
pared to no-till areas receiving surface applications.
Howeyver, the concentration of P in surface runoff did
not decrease as dramatically as the mass of P lost.
This was due to an increase in infiltration rate with
manure incorporation and consequent decrease in sur-
face runoff volume. In fact, surface runoff volume
from no-till corn was greater than from conventional-
till corn. Thus, P loss in runoff decreased by a dilution
of P at the soil surface and reduction in runoff with
incorporation of manure.

Testing the P index

Although there is a great deal of research document-
ing the justification of the transport and source factors
included in the P index, there has been little site
evaluation of index ratings. The original and modi-
fied versions of the P index have been used to assess
the potential for P loss in several regions including
the Delmarva Peninsula (Leytem et al., 1999; Sims,
1996), Oklahoma (Sharpley, 1995), Texas (McFar-
land et al., 1998), Vermont (Jokela et al., 1997), and
Canada (Bolinder et al., 1998). However, few compar-
isons of P index ratings and measured P loss have been
made. In Nebraska, Eghball and Gilley (1999) found
correlation coefficients (r) as high as 0.84, between
total P loss from simulated rainfall-runoff plots and

P index ratings, when erosion losses were strongly
weighted in the P index.

Using the National P Project rainfall simulator
(Sharpley et al., 1999b), we measured the dissolved
P concentration in surface runoff from 48, 1 x 2-
m plots within the FD-36 watershed to evaluate the
ability of the P index to rank site vulnerability to P
loss on a plot scale. A selection of dissolved P con-
centrations of surface runoff within the watershed is
given in Fig. 7, along with surface soil (0-5 cm depth)
Mehlich-3 P illustrating the large variation in surface
runoff P concentrations found between plots. At some
sites, rain simulation was conducted approximately 2
weeks after manure application. At other sites, no ma-
nure had been applied for at least 9 months prior to
rain simulation. Thus, the range in dissolved P con-
centration was a function of soil P concentration and
manure application.

The P index was applied to each plot within the
FD-36 watershed. Using soil survey, land manage-
ment, and topographic information, erosion was cal-
culated by the Revised Universal Soil Loss Equation
(RUSLE) and surface runoff by the curve number
approach (Sharpley et al., 1998a). Site management
factors of the P index were calculated from Mehlich-
3 P concentration of surface soil (0-5 cm depth) and
P application rate, method, and timing as shown in
Table 4. The final P index rating for each plot was
calculated as the product of transport and site man-
agement factors as described in Table 5. Due to our
use of plot data, the evaluation of the P index did
not account for landscape factors such as site position
or connectivity, which precludes the interpretation of
P index rating values by the management categories
given in Tables 5 and 6.

Figure 8 illustrates the relationship between plot P
index ratings and dissolved P in surface runoff. The
two variables were strongly associated (> = 0.78; P
= 0.001). This strong association indicates the P in-
dex can accurately account for and describe a site’s
potential for P loss if surface runoff were to occur
(Fig. 8).

In addition to this plot-scale assessment of the P
index, a watershed-scale validation is required of the
index, leaving a number of questions that must be ad-
dressed. For instance, are the areas identified to be at
greatest risk for P loss, actually sources of most of the
P exported? In the same vein, will remediation of high
risk areas identified by the index decrease P export in
stream flow from a watershed? Conversely, can low
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vulnerability areas receive more liberal P management
without increasing P export?

Finally, and perhaps most critical to the use of the
P index to as a guide to P management practices, will
be the development of overall risk assessment clas-
sifications (see Tables 5 and 6). These classifications
and interpretations must be developed with careful
consideration of local management options, industry
infrastructures, and State and Federal policy programs.
With further development and testing, the P index
will be a valuable tool to identify critical areas of P
export, so that alternative management options and re-
medial measures can be identified. Limited resources
and assistance can then be better used to target re-
medial measures to areas where they will have the
most benefit.

Remedial measures

Remedial measures must begin with the long-term ob-
jective of increasing P use-efficiency, by attempting to
balance P inputs within a watershed with P outputs,
while simultaneously improving management of soil,
manure and mineral fertilizer P. Reducing P loss in
agricultural runoff may be brought about by source
and transport control strategies, such as those listed in
Table 8. In the past, much attention has been focused
on erosion control as a means of controlling P loss
from agricultural land. Increasingly, however, atten-
tion is being directed toward source management and
the control of dissolved P losses in surface runoff.
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Source management

Source management attempts to minimize the buildup
of P in the soil above levels sufficient for optimum
crop growth, by limiting the quantity of P in ma-
nure that must be applied to land, and controlling
the amount of P that is applied in a localized area.
Techniques for source management include:

e Manipulation of dietary P intake by animals may
help reduce P inputs in feed; often the major cause
of P surplus. Phosphorus intake in excess of min-
imum dietary requirements do not appear to confer
any growth or health advantages and actually de-
creases profitability through increased feed costs
(Knowlton and Kohn, 1999). Carefully match-
ing dietary P inputs to livestock requirements can
reduce the amounts of P excreted by animals.

e Increasing the efficiency of P uptake by livestock
from feed. A significant amount of the P in grain is
in phytate (phytic acid), a form of P that cannot be
digested by monogastric animals such as pigs and
chickens. As a result, it is common to supplement
feed with mineral forms of P, which contribute to P
enrichment of manures and litters. Enzymes such
as phytase, which break down phytate into forms
available to monogastric animals, can be added to
feed to increase the efficiency of grain P absorption
by pigs and poultry. Such enzymes reduce the need
for P supplements in feed and potentially reduce
the P content of manure. Also, corn hybrids are
available which contain low amounts of indigest-
ible phytate P. Pigs and chickens fed ‘low-phytic
acid’ corn grain excreted less P in manure than
those fed conventional corn varieties (Ertl et al.,
1998).

e Use of manure and soil testing data to improve
nutrient management. Farm advisors and resource
planners are now recommending that the P content
of both manure and soil be determined by soil test
laboratories before land application of manure.

e Use of amendments to decrease P solubility in
soil and manure. Commercially available manure
amendments, such as slaked lime (CaOH;) or
alum (Al»(SQOy4)3), are used to reduce ammonia
(NH3) volatilization, leading to improved animal
health and weight gains. Coincidentally, these
amendments can also greatly decrease the water
solubility of P in poultry litter, thereby decreas-
ing dissolved P concentrations in surface runoff
(Moore et al., 2000; Shreve et al., 1995). Perhaps
the most important benefit of manure amendments
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for both air and water quality would be an increase
in the N:P ratio of manure (via reduced N loss

Table 8. Best Management Practices for control of nonpoint sources of agricultural P and N

Practice Description Impact on loss?
P N

Source Measures
Feed additives Enzymes increase nutrient utilization by animals ~ Decrease Decrease
Crop hybrids Low phytic-acid corn reduces P in manure Decrease Neutral
Manure management Compost, lagoons, pond storage; barnyard runoff — Decrease Decrease

control; transport excess out of watershed
Rate added Match crop needs Decrease Decrease
Timing of application Avoid autumn and winter application Decrease Decrease
Method of application Incorporated, banded, or injected in soil Decrease Decrease
Crop rotation Sequence different rooting depths Neutral Decrease
Manure amendment Alum reduces NH3 loss and P solubility Decrease Decrease
Soil amendment Flyash, Fe oxides, gypsum reduce P solubility Decrease Neutral

Cover crops/residues
Plowing stratified soils

Transport Measures
Cultivation timing
Conservation tillage

Grazing management
Buffer, riparian, wetland
areas, grassed waterways
Soil drainage

Strip cropping, contour
plowing, terraces
Sediment delivery
structures

Critical source area
treatment

If harvested can reduce residual soil nutrients
Redistribution of surface P through profile

Not having soil bare during winter

Reduced and no-till increases infiltration

and reduces soil erosion

Stream exclusion, avoid overstocking
Removes sediment-bound nutrients, enhances
denitrification

Tiles and ditches enhance water removal and
reduce erosion

Reduces transport of sediment-bound nutrients

Stream bank protection and stabilization,
sedimentation pond

Target sources of nutrients in a watershed for
remediation

Decrease TP

Increase DP

Decrease Neutral
Decrease Decrease
Decrease TP Decrease

Increase DP
Decrease
Decrease TP
neutral DP
Decrease TP
Increase DP

Increase NO3
Decrease
Decrease

Decrease TN
Increase NO3

Decrease Decrease
Neutral DP Neutral NO3
Decrease Decrease
Decrease Decrease

“TN is total N, NOj is nitrate, TP is total P, and DP is dissolved P.

because of NH3 volatilization) that would more

tration of manure, the volume is reduced and thus,
transportation costs are reduced.

closely match crop N and P requirements.

Transporting manure P from areas of P excess to
areas of P deficiency. At present, manure is rarely
transported more than 15 km from where it is pro-
duced, restricting application options. However, it
must be shown that the recipient farms are more
suitable for manure application than manure-rich
farms and that measures are managed on recipient
farms to avoid soil P build up.

Composting may also be considered as a man-
agement tool to improve manure distribution. Al-
though composting tends to increase the P concen-

Separating solids from liquids may increase the
number of management options available for some
types of manure such as dairy and swine. This pro-
cess results in some separation of the nutrients as
well, leaving a large proportion of the available N
in the liquid fraction and a large proportion of the
P will be in the solid fraction. While this does not
change the total amount of nutrients that must be
handled, it may enable better targeting of the indi-
vidual nutrients to locations where they will do the
most good and/or have less potential for causing
environmental problems. Also, because the solid
fraction is more concentrated it may be feasible to
transport it to more remote fields.



e Using manure as a source of ‘bioenergy’. For ex-
ample, dried poultry litter can be burned directly or
converted by pyrolytic methods into oils suitable
for use to generate electric power. Liquid manures
can be digested anaerobically to produce methane
which can be used for heat and energy.

e Improving management of P application rate,
method, and timing to minimize the potential for P
loss in runoff. As we have shown, P loss in runoff
increases with greater applications of P as mineral
fertilizer or manure (Table 7 and Figs. 5 and 6).
Incorporation of manure into the soil profile either
by tillage or subsurface placement, decreases the
potential for P loss in runoff by lowering the con-
centration of P at the soil surface and a reducing
runoff volume (Mueller et al., 1984; Pote et al.,
1996).

Transport management

Transport management refers to efforts to control the
movement of P from soils to sensitive locations such
as bodies of fresh water. Phosphorus loss via surface
runoff and erosion may be reduced by conservation
tillage and crop residue management, buffer strips, ri-
parian zones, terracing, contour tillage, cover crops
and impoundments (e.g., settling basins). Basically,
these practices reduce rainfall impact on the soil sur-
face, reduce surface runoff volume and velocity, and
increase soil resistance to erosion. Conversion from
furrow irrigation to sprinkler to drip irrigation signi-
ficantly reduces irrigation erosion and runoff. Furrow
treatments such as straw mulching and use of poly-
acrylamides will also reduce in-furrow soil movement
(Lentz et al., 1998).

Despite these advantages, any one of these meas-
ures should not be relied upon as the sole or primary
means of reducing P losses. These practices are gen-
erally more efficient at reducing sediment P than
dissolved P. Also, P stored in stream and lake sedi-
ments can provide a long-term source of P in waters
long after inputs from agriculture have been reduced.
Several researchers have indicated little decrease in
lake productivity with reduced P inputs following
implementation of conservation measures (Gray and
Kirkland, 1986; Young and DePinto, 1982). Thus, the
effect of remedial measures in the contributing water-
shed will be slow for many cases of poor water quality.
Therefore, immediate action may be needed to reduce
future problems.
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Integrating P and N management

Farm N inputs are usually more easily balanced with
plant uptake than are P inputs, particularly where con-
fined livestock operations exist. In the past, separate
strategies for either N or P have been developed and
implemented at farm or watershed scales. Because of
different critical sources, pathways, and sinks con-
trolling P and N export from watersheds, remedial
efforts directed at either P or N control can negat-
ively impact the other nutrient (Table 8). For example,
basing manure application on crop N requirements to
minimize nitrate leaching to ground water can increase
soil P and enhance potential P losses (Sharpley et al.,
1998b; Sims, 1997). In contrast, reducing surface
runoff losses of total P via conservation tillage can
enhance N leaching and even increase algal available
P transport (Sharpley and Smith, 1994).

These positive and negative impacts of conser-
vation practices on N and P loss potential should
be considered in the development of sound remedial
measures. Clearly, a technically sound framework
must be developed that recognizes critical sources of
P and N export from agricultural watersheds so that
optimal strategies at farm and watersheds scales can
be implemented to best manage both P and N. One
approach, explored by Heathwaite et al. (2000) and
Sharpley et al. (1998a), is to employ the P index to
target P management on critical source areas of P and
assume N-based management on all other areas. With
such an approach, however, careful consideration must
be given to the potential long-term consequences of N
management on P loss and vice versa.

Bridging agricultural and environmental management

In order to initiate real and lasting changes in ag-
ricultural production, emphasis must be placed on
consumer-based programs and education rather than
assuming that farmers will absorb the burden. Ac-
ceptance of best management practices (BMPs) will
not be easy. Because farmers’ decisions are generally
shaped by regional and often global economic pres-
sures and constraints, which they have little or no
control over, there is often reluctance to adopt man-
agement practices that do not address these concerns.
Clearly, new ways of using incentives to help farm-
ers implement BMPs are needed. The challenge is
to recognize how social policy and economic factors
influence the nutrient-management agenda.

Equally important is that everyone is affected by
and can contribute to a resolution of nutrient-related
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concerns. Rather than assume that inappropriate farm
management is responsible for today’s water quality
problems, the underlying causes of the symptoms must
be addressed. As shown above, much of today’s prob-
lems relate to marketplace pressures, the breakdown
and imbalances in global P cycling, and economic
survival of farms. Research is, thus, needed to de-
velop programs that encourage farmer performance
and stewardship to achieve previously agreed upon en-
vironmental goals. These programs should focus on
public participation to resolve conflicts between eco-
nomic production efficiency and water quality. In the
US, there are numerous sources of technical assist-
ance and financial cost-share and loan programs to
help defray the costs of constructing or implementing
practices that safeguard soil and water resources (US
Environmental Protection Agency, 1998). Watershed-
based programs, such as the New York City Watershed
Agriculture Program, have been established to provide
technical assistance and financial support to farm-
ers participating in water quality protection programs
(National Research Council, 2000).

Stakeholder alliances encourage collaborative re-
lationships among concerned parties. Such alliances
have been formed in response to recent public health
issues related to the nutrient enrichment of waters in
the eastern US. In the Chesapeake Bay, stakeholder
alliances have developed among state, federal, and
local groups and the public to work together to identify
critical problems, focus resources, include watershed
goals in planning, and implement effective strategies
to safeguard soil and water resources (Chesapeake Bay
Program, 1995, 1998).

In Australia, it was found that an awareness of
agricultural or environmental problems and potential
solutions did not necessarily cause people to change
their behavior to correct such problems (Wilkinson
and Cary, 1993). Solutions have to be adapted in
practical ways to individual circumstances. The Aus-
tralian National Land and Water Resources Audit has
recognised this by investigating the capacity of rural
communities to implement changes to help protect soil
and water (National Land and Water Resources Audit,
1998).

One barrier to the design and implementation of
BMPs is that the assessment and monitoring imple-
mented by government is often perceived as a top-
down process. Walker et al. (1996) recommend a
bottom-up process, whereby policy maker and user
can select soil and water quality indicators at a local
level. Such a process would seem equally if not more

fundamental to the successful identification and adop-
tion of new management systems. A concerted attempt
has been made in Australia to take this approach
by devolving primary responsibility for local mon-
itoring and resource management to land managers
themselves through the provision of government funds
for the national Landcare and Waterwatch programs
(SCARM-ARMCANZ, 1997).

Finally, P applications at recommended rates can
reduce P loss in agricultural runoff via increased crop
uptake and cover. It is of vital importance that we
implement management practices that minimize soil
P buildup in excess of crop requirements, reduce sur-
face runoff and erosion, and improve our capability
to identify fields that are major sources of P loss to
surface waters.

Summary

A growing focus on nutrient transfers from agricul-
tural lands to water has served to accelerate our un-
derstanding of the environmental consequences of P
management in agriculture. Phosphorus imbalances
at farm and watershed scales, often related to con-
centrated animal feeding operations, aggravate diffuse
P losses through the gradual accumulation of P in
soils, and the application of P at times of high trans-
port potential. While erosion of particulate P from
agricultural soils remains a dominant concern, the
transport of dissolved, or soluble P in surface runoff
and subsurface flow is also important.

Research at plot, field and watershed scales em-
phasizes the importance of critical source areas, where
high P availability and high transport potential over-
lap, as major contributors to P losses from agricultural
lands to water. The development of tools such as the P
index represents a major advance in identifying critical
source areas, as highlighted by our research relating P
index ratings to plot-scale P losses.

Management strategies to minimize P loss to water
may be brought about by optimizing P use-efficiency,
refining animal feed rations, using feed additives to
increase P absorption by the animal, moving manure
from surplus to deficit areas, and targeting conserva-
tion practices, such as reduced tillage, buffer strips
and cover crops, to critical source areas within a
watershed. However, because farmers’ decisions are
influenced by regional and even global economics over
which they have little control, we should explore the
use of incentives to aid in implementation of innovat-



ive measures that minimize on-farm surpluses of P and
reduce P losses.
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